The gapless fermionic excitations in superfluid
Introduction
The quantum physical vacuum -the former ether -appears to be a complicated substance. Our present experimental physics is able to investigate only its long-wave-length properties. The highest energy of the elementary particles, i.e. of the elementary excitations of the physical vacuum, which is achieved today, is very much smaller than the characteristic Planck value E P = hc 5 /G, where c is a speed of light and G the Newton gravitational can be viewed from the 3 He-A physics and how different problems of gravity can be experimentally simulated in 3 He-A.
Gap Nodes and Gravity
The effective gravity, as a low-frequency phenomenon, arises in many condensed matter systems. In crystals, the effective curved space, in which "elementary particles" -phonons and Bloch electrons -are propagating, is induced by the distributed topological defects, dislocations and disclinations, (see e.g. 9, 10, 11 ). In the normal (or superfluid) liquids, the effective Lorentzian space for propagating sound waves (phonons) is generated by the hydrodynamic (super) flow of the liquid. 12, 13 However it appears that the superfluid 3 He-A provides us with the most adequate analogy of the relativistic theory of the effective gravity, first introduced by Sakharov. 15 The most important property of the superfluid 3 He-A, as compared to other quantum fluids and solids, is that its elementary fermionsBogoliubov-Nambu quasiparticles -are gapless. Their energy spectrum E(p) contains the point nodes, where the energy is zero. Close to the gap nodes, i.e. at low energy, these quasiparticles have a well defined chirality: the quasiparticles are either left-handed or right-handed. This effectively reproduces our low-energy world (however above the electroweak energy scale), where all the fermionic elementary particles (electrons, neutrinos, quarks) are chiral. The point gap nodes are topologically stable and thus do not disappear under the deformation of the system. 6 This momentum space topology can be a good reason, why neutrino has no mass. If so, why should we spend time and money to look for the neutrion mass?
Another interesting consequence of the existence of the gap node is that it immediately introduces the effective gravitational field. Let the node be situated at point p (0) in momentum space, i.e. E(p (0) ) = 0. If the space parity is not violated, then in the vicinity of the node the function E 2 (p) is a quadratic form of deviations from p (0) :
The quantity g ik plays the part of the effective metric tensor of the gravitational field, while A = p (0) corresponds to the vector potential of effective electromagnetic field. The other dynamical components of these fields appear, if the space parity is violated, for example if the superflow velocity v s = 0. In this case the quasiparticle energy is Doppler shifted,
This leads to appearance of the scalar vector potential A 0 = p (0) · v s and the mixed component of the metric tensor g i0 = v i s . With these identifications the Eq. (1) G.E. Volovik becomes fully "relativistic":
Here the "electric charge", e = ±, reflects the fact that in 3 He-A each gap node has a sparring partner with an opposite momentum, −p (0) : quasiparticles near the opposite nodes have opposite charges (and also the opposite chiralities).
From the topological stability of the gap node, it follows that the small deformations of the quantum vacuum do not destroy the gap node, but they lead to the variation of the fields g µν and A µ . This means that the "gravitational metric" and the "gauge fields" are dynamical collective modes of quantum vacuum in such fermionic condensed matter which has the point gap nodes. This suggests that the "Planck condensed matter" belongs to the same class as 3 He-A. Within this picture, the internal symmetries, such as SU (2) and SU (3), are consequences of the given number of gap nodes and the symmetry relations between them: In 3 He-A the SU (2) gauge field naturally arises in this manner (see 16 ).
Charge of Vacuum and Cosmological Term
An equilibrium homogeneous ground state of condensed matter has zero charge density, if the charges interact via the long range forces. For example, the electroneutrality is the necessary property of bulk metals and superconductors, otherwise the vacuum energy of the system diverges faster than its volume. Another example is the algebraic density of quantized vortices in superfluids, < ∇ × v s >: due to logarithmic interaction of vortices it is to be zero in the equilibrium homogeneous superfluids (in the absence of rotation). The same argument can be applied to the "Planck condensed matter", and it seems to work. The density of the electric charge of the Dirac sea is zero due to exact cancellation of electric charges of electrons, q e , and quarks, q u and q d , in the fermionic vacuum: Q vac = E<0 (q e + 3q u + 3q d ) = 0. In the Einstein theory the energy-momentum tensor of the vacuum should be a source of the long range gravitational forces. The immediate consequence is that for the equilibrium state of the vacuum one should have δS vac /δg µν = √ −gT µν vac = 0. This corresponds to the absence of the cosmological term in the Einstein equation, if the vacuum is in equilibrium. This is in a complete agreement with the experiment, but is in an awful disagreement with the theoretical estimation of the fermionic or bosonic zero-point vacuum energy, which is 120 orders of magnitude higher than the experimental upper limit. What is wrong with theory?
The situation is probably similar to what we have in condensed matter, if we want to estimate the ground-state energy from the zero-point energy of phonons:
This never gives the correct estimation of the vacuum energy, moreover sometimes it has even a wrong sign. This occurs, because the phonon modes are soft variables and are determined only in the low-energy limit, whereas the vacuum energy of the solid is determined by the quantum many-body physics, where essentially the high-energy degrees of freedom are involved. These high-energy degrees are always ajusted to provide the electroneutrality, irrespective of the low-energy physics. This suggests two consequences:
(1) Zero value of the cosmological term in equilibrium vacuum is dictated by the Planckian or trans-Planckian degrees of freedom, which are ajusted to eliminate the divergence of the vacuum energy faster than the volume. Thus the equilibrium vacuum does not gravitate. The 3 He analogy suggests that δS vac /δg µν = 0 is the equilibrium condition, deviations of the vacuum from its equilibrium can gravitate. 18 For example, in the presence of the matter, the small cosmological term of the order of the energy density of the matter is possible.
(2) The quantization of the low-energy degrees of freedom, such as gravitational field, works only in the low-energy limit, but cannot be applied to higher energies. Moreover, even in the low-energy limit the quantization leads to the double counting: The total energy of the solid (and the same can be applied to the "Planck solid") is obtained by the solution of the quantum many-body problem, which automatically takes into account all the degrees of freedom. If one now separates the soft modes and adds the zero-point energy of these modes, this will be the double counting. The gravity is a low-frequency, and actually classical, result of quantization of high-energy degrees of freedom of the "Planck condensed matter", so one should not quantize the gravity again. The quantization of gravity is similar to the attempt to derive the microscopic structure of the solid, using only the spectrum of the low-energy phonons. The 3 He-A analogy also suggests that all the degrees of freedom, bosonic and fermionic, come from the initial (bare) fermionic degrees of freedom. µν + h µν :
In 3 He-A such perturbation corresponds to the so-called clapping mode with spin 2. 16, 17 The clapping mode and the graviton have the same structure of the energy density, thus comparing coefficients in expressions for T 0 0 one obtains the temperature dependent effective gravitational constant: 17
Here ∆ is the gap amplitude, which plays the part of the Planck energy; K(T ) is dimensionless function of T , which close to the superfluid transition temperature T c is
The temperature dependence of G, which comes from the factor K(T ), is the traditional one: Since the effective action for gravity is obtained from the integration over the fermionic (or bosonic) degrees of freedom, 15 it is influenced by the thermal distribution of fermions. What new here is that G is also influenced by the temperature dependence of the "Planck" energy cut-off ∆(T ), which is determined by details of the trans-Planckian physics.
This provides an illustration of how the corrections T 2 /E 2 P , caused by the Planckian physics, come into play even at low T . 1 So, we can hope, that even the present "low-energy" physics contains the measurable corrections coming from the Planck physics.
Event Horizon
At the classical level an existence of event horizon leads to the divergency of the density of the particle states at horizon (see e.g. 19 and references there). At the quantum level this is believed to give rise to the Bekenstein entropy of, the Hawking temperature of and the Hawking radiation from the black hole. 20, 21 There are many problems related to these issues: Are the entropy and the Hawking radiation physical? Does the entropy come from degrees of freedom (i) outside horizon, (ii) on horizon, (iii) inside horizon? Since the particle momentum grows up to the Planck scale at horizon, the trans-Planckian physics is inevitably involved. Also it is not completely clear, whether the quantum vacuum stable in the region behind horizon.
Induced Gravity in Superfluid
3 He
These problems can be treated in condensed matter of the 3 He-A type, where in the "cis-Planckian" scale the quasiparticles -excitations of the quantum vacuum -are "relativistic" and obey the dynamical equations, determined by the effective Lorentzian metric in Eq. (2) . Existence of the quantum vacuum, which can respond to the change of the fermionic spectrum in the presence of horizon, is instrumental and represents a big advantage of the 3 He-A compared with conventional liquids and other dissipative systems, 12, 13, 14 where the event horizon can also arise.
Horizon within moving domain wall.
In 3 He-A the analog of event horizon appears in the moving topological soliton. 22 Here we consider soliton moving in a thin film of 3 He-A. In the parallel-plane geometry the unit vectorl, which determines the direction to the gap node in momentum space, is fixed by the boundary conditions -it should be normal to the film:l = ±ẑ if the film is in the plane x, y plane. Due to the double degeneracy the topologically stable domain wall can exist which separates two half-spaces with opposite directions ofl. The classical spectrum of the low-energy fermionic quasiparticles in the presence of the domain wall is:
In the simplest soliton the "speeds of light" propagating along x, y, z are
where p F and v F are the Fermi momentum and Fermi velocity; the thickness d of the domain wall is on order of superfluid coherence length, d ∼ ξ ∼ v F /∆(T ). In this domain wall the "speed of light" propagating across the wall, c x (x), changes sign, while the other two remain constant. If such domain wall is moving with velocity v along x, the Doppler shifted fermionic spectrum gives the following time-independent metric in the frame of the moving wall:
The interval corresponding to this effective metric is
Two event horizons occur at points x = ±x h , where both g xx = 0 and g 00 = 0, tanh
G.E. Volovik
At these points the speed of particles in the x-direction equals the velocity of the soliton in the same directon, |c x (±x h )| = v, Fig. ? ?. Between the horizons, |c x | is less than v, thus particles cannot propagate out across the horizon at x = x h . This horizon represents the black hole. Another horizon, at x = −x h , corresponds to the white hole, since the particles cannot propagate into the region behind horizon. So, this domain wall represents the nonrotating black hole with the singularity at x = 0. Moreover, as distinct from the extended description of the black hole, both past and future horizons are physical. In condensed matter the event horizon appears only if the effective metric is non-static, i.e. g 0i = 0. Is this constraint valid for the Planck condensed matter too?
Hawking temperature and Bekenstein entropy
The existence of horizon is associated with the Hawking radiation, which is thermal with temperature determined by the surface gravity:
In our case the Hawking temperature depends on the velocity v:
The Hawking radiation can be detected by quasiparticles detector, also it leads to the energy dissipation and thus to deceleration of the moving domain wall even at T = 0. It would be interesting to find out whether the dissipation disappears and the velocity of the domain wall is stabilized if the real temperature of superfluid equals the Hawking temperature, T = T H (v). Some hint on such a possibility can be found in the paper on the moving boundary between 3 He-A and 3 He-B. 23 Due to deceleration, caused by Hawking radiation, the Hawking temperature increases with time. The distance between horizons, 2x h , decreases until the complete stop of the domain wall when the two horizons merge. In a similar manner shrinking of the black hole can stop after the Planck scale is reached. The Hawking temperature approaches its asymptotic value T H (v = 0) in Eq. (12) , but when the horizons merge, the Hawking radiation disappears, since the stationary domain wall is nondissipative. One can show, 24 that the entropy of the domain wall does not disappear, but approaches a finite value, which corresponds to one degree of quasiparticle freedom per Planck area. This is similar to the Bekenstein entropy, but it comes from the "nonrelativistic" physics at the "trans-Planckian" scale. Nonzero entropy results from the fermion zero modes: bound states at the domain wall with exactly zero energy. Such bound states, dictated by topology of the texture, are now intensively studied in high-temperature superconductors and other unconventional superconductors/superfluids (see references in 25 and 26 ). Event horizon with Hawking radiation and Bekenstein entropy also appears in the core of vortices. 27 The influence of the high-energy nonrelativistic spectrum on Hawking radiation is under investigation (see 28 ).
Metric Induced by Quantized Vortices
The linear and point-like topological defects also induce effective metric, which can be interesting for the theory of gravitation. The simulation of 2D and 3D conical singularities by disgyration and monopole in 3 He-A was discussed in. 17 Here we consider quantized vortices in superfluid 3 He-A film.
Vortex as cosmic spinning string
The vortex in thin film, wherel-vector is fixed, is a topologically stable object with superfluid velocity circulating around the origin, v s = N κφ/2πr. Here κ = πh/2m 3 is the quantum of circulation (m 3 is the mass of 3 He atom) and N is an integer or half-odd integer circulation quantum number. This superflow induces the effective space, where fermions are propagating along geodesic curves, with the interval 29
Far from the vortex axis, where v s ≪ c ⊥ , this transforms to the metric induced by the cosmic spinning string. This similarity leads to the similar gravitational Aharonov-Bohm effect and as a result to similar Iordanskii lifting force acting on the vortex (in the presence of quasiparticles) and on the spinning string (in the presence of matter). 29 
Instability of ergoregion
Another important property of the metric induced by the vortex is the existence of the so-called ergoregion, where quasiparticles have negative energy: E(p) + p · v s < 0. Ergoregion occupies cylinder of radius r e =hN/2m 3 c ⊥ , where the flow velocity is larger than the speed of light, v s > c ⊥ , and thus g 00 < 0 (Fig.??a) . The flow is circulating along the boundary of ergoregion, so the horizon is absent here: the ergosurface is separated from horizon, as in the rotating black hole. It was shown in 30 that for the superfluids with "relativistic" fermions, such as superfluid 3 He-A,
